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Moderate Resolution Imaging Radiometer (MODIS) gross primary productivity (GPP) has been used widely to study the global car-
bon cycle associated with terrestrial ecosystems. The retrieval of the current MODIS productivity with a 1  1 km2 resolution has lim-
itations when presenting subgrid scale processes in terrestrial ecosystems, speciﬁcally when forests are located in mountainous areas, and
shows heterogeneity in vegetation type due to intensive land use. Here, we evaluate MODIS GPP (MOD17) at Gwangneung deciduous
forest KoFlux tower (deciduous forest; GDK) for 2006–2010 in Korea, where the forests comprise heterogeneous vegetation cover over
complex terrain. The monthly MODIS GPP data overestimated the GDK measurements in a range of +15% to +34% and was fairly well
correlated (R = 0.88) with the monthly variability at GDK during the growing season. In addition, the MODIS data partly represented
the sharp GPP reduction during the Asian summer monsoon (June–September) when intensive precipitation considerably reduces solar
radiation and disturbs the forest ecosystem. To examine the inﬂuence of subgrid scale heterogeneity on GPP estimates over the MODIS
scale, the individual vegetation type and its area within a corresponding MODIS pixel were identiﬁed using a national forest type map
(71-m spatial resolution), and the annual GPP in the same area as the MODIS pixel was estimated. This resulted in a slight reduction in
the positive MODIS bias by 10%, with a high degree of uncertainty in the estimation. The MODIS discrepancy for GDK suggests
further investigation is necessary to determine the MODIS errors associated with the site-speciﬁc aerodynamic and hydrological char-
acteristics that are closely related to the mountainous topography. The accuracy of meteorological variables and the impact of the very
cloudy conditions in East Asia also need to be assessed.
 2014 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).
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Vegetation is a key element of the terrestrial biosphere
that reacts with other climate systems and controls land–
atmosphere carbon ﬂuxes (Canadell et al., 2007; IPCC,
2001). Gross primary productivity (GPP) is a good proxycommons.org/licenses/by-nc-nd/3.0/).
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biosphere, and quantitative information about the amount
and spatiotemporal variation of natural carbon ﬂuxes is
important for global change science and mitigation policies
(Law, 2006; Xiao et al., 2010). The Moderate Resolution
Imaging Spectroradiometer (MODIS) is a widely used glo-
bal monitoring sensor for various environmental parame-
ters of the Earth surface onboard the NASA Earth
Observing System (EOS) satellites Terra/Aqua, which have
been operating since 2000 (Justice et al., 1998). MODIS
GPP is largely dependent on the photosynthetically active
radiation (PAR) conversion eﬃciency e, which varies with
vegetation type (Field et al., 1995; Prince and Goward,
1995; Turner et al., 2003), and the current satellite-driven
land-use classiﬁcation is known to be a large source of
uncertainty because the diﬀerent classiﬁcation methods
often show signiﬁcant disagreement at the sub-regional
scale (Giri et al., 2005; Hansen and Reed, 2000;
McCallum et al., 2006; See and Fritz, 2006). Many eﬀorts
have been made to evaluate MODIS GPP products using
ground-based measurements from locations where reliable
eddy covariance tower ﬂux measurements are available,
such as North America (e.g., the BigFoot Project (http://
www.fsl.orst.edu/larse/bigfoot/index.html) (Heinsch et al.,
2006; Turner et al., 2006; Xiao et al., 2010). Heinsch
et al. (2006) showed that the correlation (R) between 15
AmeriFlux sites across North America and MODIS GPP
at 1-km resolution is about 0.86 and that the annual
MODIS GPP has overestimated tower eddy-ﬂux network
measurements by 20–30%, but they also demonstrated that
MODIS products reproduce seasonal and spatial variabil-
ities well.
On the other hand, eddy covariance ﬂux tower measure-
ments are less available in East Asia, and the heterogeneity
of land cover classiﬁcation, as well as the intensive human
land management within a MODIS scale (1  1 km2)
makes evaluation more diﬃcult. Here, we intend to com-
pare MODIS GPP data with recent ground-based measure-
ments in Korea. Because tower ﬂux measurements with a
fully homogeneous forest type covering a MODIS scale
in Korea are rare, we integrated the GPP of individual veg-
etation types to calculate representative values correspond-
ing to the MODIS grid, which enabled a comparison of
GPP between ground measurements and the remotely
sensed data based on the same sampling area. The latest
version of the oﬃcial forest type map of South Korea by
the Korea Forest Research Institute (KFRI) was applied
to identify vegetation types within the MODIS pixel. We
searched for comparable sites based on the simultaneous
availability of MODIS and tower ﬂux measurements in
addition to the consistency of land classiﬁcation among
the forest type map, tower ﬂux measurements, and MODIS
land classiﬁcation. In this study, eddy covariance measure-
ments at the Gwangneung deciduous forest KoFlux tower
(GDK) during 2006–2010 were selected and compared with
monthly MODIS GPP data. Although many sources of
uncertainty exist, the overall purpose of this study was togauge the performance of current MODIS GPP over
Korea, where land use is relatively heterogeneous due to
human inﬂuence over mountainous terrain. Moreover,
Korea’s summer monsoon, which usually occurs from June
to September, is responsible for more than 70% of the total
annual precipitation and is accompanied by persistent
cloud cover, which can inﬂuence carbon productivity and
the accuracy of MODIS products. Thus, this comparison
evaluates the MODIS GPP for the typical environment
of Korea. We describe the data and methods in Section
2. Section 3 presents the results of comparisons, and Sec-
tion 4 includes a discussion and conclusions.
2. Data and methods
2.1. Study sites
Our comparison between MODIS GPP and ground-
based measurements has a generic limitation for validating
the MODIS data because it is diﬃcult to demonstrate the
representativeness of the ground measurements in a
heterogeneous forest at an exact MODIS spatial scale
(1  1 km2) on mountainous terrain. Instead, we intended
to make this comparison to assess MODIS performance
over Korea, where nearly half of South Korea is classiﬁed
as a mixed forest by the MODIS land product (MOD12Q1
version 004, Friedl et al., 2002).
Measurements at six diﬀerent ﬂux towers are presented
at KoFlux sites (http://koﬂux.org), but we studied only
those at the Gwangneung deciduous forest (GDK;
3745025.3700N, 1279011.6200E; 90–470 m.s.l.) because the
GDK site has vegetation type consistent with the MODIS
land classiﬁcation (mixed forest), and time series that can
be compared with MODIS monthly products to show the
seasonal variability currently available for more than
5 years (2006–2010). A location map and description of
the GDK site are included in Fig. 1.
2.2. MODIS GPP
MODIS is a multipurpose satellite instrument that
observes physical variables of the land, ocean, and atmo-
sphere with wide spectral range (0.4–14.4 lm) and spatial
resolution (250 m, 500 m, and 1000 m) (Justice et al.,
1998). MODIS GPP/NPP is a main part of the MODIS
product MOD17 (Heinsch et al., 2003; Justice et al.,
2002) and has provided the ﬁrst continuous satellite-based
vegetation productivity. We used MOD17A2 (Zhao and
Running, 2010) to examine monthly GPP variability at
the GDK site. The MOD17A2 used for this study are avail-
able at the Numerical Terradynamic Simulation Group
(NTSG) of the University of Montana (ftp://ftp.ntsg.umt.
edu/pub/), and the data have been widely used for glo-
bal/regional ecological studies and validated with global
ground observations (Nemani et al., 2003; Turner et al.,
2003, 2006; Sims et al., 2006; Zhao and Running, 2010).
The MODIS product is based on the Monteith’s theory
Fig. 1. The location of sampling site at the Gwangneung deciduous forest KoFlux site (GDK). The spatial distribution of forests from a vegetation map of
Korea within the corresponding MODIS pixels is shown (right panel).
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PAR (Monteith, 1972; Monteith and Moss, 1977). Addi-
tionally, climatological factors (i.e., temperature, radiation,
and water) and further principles associated with a general
process-based ecosystem model, Biome-BGC (Thornton
et al., 2002), contribute to the MODIS GPP/NPP algo-
rithm (Running et al., 2000; Zhao et al., 2011). The GPP
is calculated using Eq. (1):
GPP ¼ eAPAR ð1Þwhere e is light-use eﬃciency derived from a product of the
potential maximum emax, the fractional daily minimum
temperature (fTmin), and the fractional vapor pressure
deﬁcit (fVPD) (Eq. (2)), and APAR is estimated from a
constant proportion (0.45) of incident shortwave solar
radiation (SWrad) and the fraction of absorbed PAR
(FPAR) (Eq. (3)).
e ¼ emax  fTmin  fVPD ð2ÞAPAR ¼ SWrad 0:45 FPAR ð3ÞThe light-use eﬃciency (e) is dependent on vegetation
type and climate variables and is computed by the
BIOME-BGC model. A model-driven biome parameter
look-up table (BPLUT), describing the characteristics of
biome-speciﬁc ecophysiological responses, is used to esti-
mate MODIS GPP and NPP (Zhao et al., 2011). The mete-
orological ﬁelds for the MODIS retrieval algorithm are
from the National Centers of Environmental Prediction/
Department of Energy (NCEP/DOE) reanalysis II data
(Zhao and Running, 2010).
The MOD17 products used to estimate productivity are
based on Boston University’s UMD classiﬁcation scheme
(14 classes, Heinsch et al., 2003). The MODIS vegetation
map’s accuracy is within 65–80% globally, but complex
vegetation and misclassiﬁcation limit accurate estimation
of GPP/NPP (Hansen and Reed, 2000). Forest ecosystem
covers about 65% of the land area of South Korea, and
the MODIS global land cover (MOD12Q1) product identi-
ﬁes most of these forests as mixed forest (72%). Urban and
farmland areas occupy more than 30% of South Korea and
coexist closely with the forest areas (Fig. 2), largely a result
of land development in this densely populated country.
Fig. 2. The distribution of the MODIS GPP (left) and MODIS land cover products (MOD12Q1) (1  1 km2) (right) over South Korea in 2010.
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ogeneous vegetation on mountainous terrain, such as
GDK in Korea, can provide additional information about
the performance of the MODIS product. The MOD17
missing or poor-quality data stem from cloud and severe
aerosol and are reprocessed through gap-ﬁlling by interpo-
lating the gap with surrounding good-quality data (Zhao
et al., 2011), which reduces the impact of the Asian summer
monsoon on the quality of the MODIS product.
To investigate the eﬀect of model parameterization on
estimating MODIS GPP, we also examined the relationship
between the GDKmeasurements and theMODIS enhanced
vegetation index (EVI). EVI is a measure of vegetation
greenness estimated from forest characteristics of spectral
reﬂectance, as is the normalized diﬀerence vegetation index
(NDVI) (Huete et al., 2002; Kim et al., 2010). The advantage
of EVI over NDVI is that EVI is corrected for the underly-
ing soil background and atmospheric aerosol variations
(Huete et al., 2002; Kobayashi and Dye, 2005; Xiao et al.,
2006). Moreover, EVI represents a more realistic biomass
amount, particularly over intense vegetation areas, because
the scaled values do not tend to be saturated as early as they
do in NDVI (Solano et al., 2010; Vina et al., 2004). EVI has
been used as a surrogate measure of leaf area index
(Guindin-Garcia et al., 2012) and gross primary productiv-
ity (Hashimoto et al., 2012; Rahman et al., 2005; Sims et al.,
2008). We used the MODIS/Terra Vegetation Indices
(MOD13Q1, collection 5; 250-m resolution and 16-day
composite) provided by the Oak Ridge National Labora-
tory Distributed Active Archive Center (http://daac/ornl.
gov/MODIS/modis.shtml).2.3. Flux tower measurements at Gwangneung deciduous
forest KoFlux site (GDK)
The eddy covariance technique was employed to measure
CO2 ﬂux at the GDK site (3745025.3700N, 1279011.6200E),
where the annual mean temperature and annual total pre-
cipitation are approximately 11.3 C and 1,500 mm respec-
tively. The tower height at the site is 40 m, and the site
area is complex and sloping terrain with mostly Quercus
sp. and Carpinus sp. (Kim et al., 2006a). Measurements in
the mountainous forest are inﬂuenced by the unique spatial
variability of the soil water content and air ﬂow within the
ecosystem (Kim et al., 2006a; Hwang et al., 2008). The
GPP data were obtained using the van Gorsel method
(van Gorsel et al., 2009), with nighttime CO2 ﬂux correction
and partitioning of net ecosystem exchange into GPP and
ecosystem respiration. The monthly GPP was integrated
from the GPP with its original time resolution (30 min).
We used monthly GPP data for 2006–2010. The main
observed parameters at the site include vertical proﬁles of
CO2 and H2O concentrations, net radiation (solar radia-
tion), air temperature, relative humidity, soil temperature,
soil moisture, precipitation, ground heat, and water ﬂux
(Hong et al., 2008). Additional information about the ﬂux
tower measurements and data processing can be found else-
where (Kim et al., 2006a; Kwon et al., 2009).
2.4. The forest type map
The oﬃcial forest-type map of Korea is a typical the-
matic map of forests constructed by the Korea Forest
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class, diameter class, and canopy density mapped on
1:25,000-scale topographic maps were interpreted, and
these variables were demonstrated by aerial photographs
and on-site veriﬁcation. The ﬁfth-generation forest type
map has been updated based on aerial orthophotos since
2006. The map serves as fundamental data for developing
forest policy and resource management by providing statis-
tics based on forest areal distribution of each forest type or
species. Another beneﬁt of the map is that it includes time-
series data of forests in the country, which can be helpful
for eﬀective land management, the establishment of land-
use planning, environmental impact assessments, land suit-
ability assessments, and the production of ecological maps.
Additionally, it is being used for a digital carbon stock map
for mitigation policy. The spatial resolution of the map is
about 71  71 m2 (0.5 ha), with position error in the range
of ±17.5 m (KFRI, 2011), which is applicable for identify-
ing the distributions of individual vegetation types within a
MODIS scale (1  1 km2).Fig. 3. A schematic diagram of the mapping between MOD17 (GPP) and
ground-based measurements including the GDK ﬂux tower with area
integration of each forest.2.5. Sampling GPP for comparison on a MODIS scale
As described previously, we chose the GDK site to eval-
uate MODIS GPP for a comparison of multi-year varia-
tion over the heterogeneous forest in Korea within a
MODIS spatial scale. The primary process of sampling
was mapping the GDK site to the geographically corre-
sponding MODIS GPP pixels. The KFRI forest type
map was overlain on MODIS pixels after synchronizing
all geographic coordinates toward GCS_WGS_1984, and
the land area occupied by each biomass of the forest type
map within a MODIS pixel was calculated by the zonal sta-
tistics method using geographical information system
(GIS) software (ArcGIS v10.1). The ratio of spatial resolu-
tion of MODIS to the KFRI forest map was about 199. A
schematic diagram of the mapping and sampling proce-
dures is shown in Fig. 3. To calculate the ground-measured
GPP for the MODIS scale, we integrated GPP for each
vegetation type by simply weighting each area fraction
(Eq. (4)):
GPP ¼
Xn
i¼1GPPOBSi Area Ratioi ð%Þ; ð4Þ
where GPPOBSi represents the ground-based observation,
and i represents the individual vegetation type within a sin-
gle MODIS pixel (1  1 km2). The unit of measure of
annual values is g C m2 yr1. For vegetation types with
no direct measurements at GDK within the MODIS pixels
(Fig. 3), we used the averaged value estimated from previ-
ous studies in Korea (reference data in Table 1). The refer-
ence data were collected from available measurements
published for diverse vegetation types over the entire coun-
try, and most of these data are annual NPP estimations
(Table 1), which cause uncertainty in our estimation. The
other source of uncertainty for the estimation is that the
reference measured NPP data were simply converted toGPP by the empirical relationship that GPP is about twice
NPP (Waring et al., 1998; Chapin et al., 2004). Neverthe-
less, the calculation from the reference in Korea for 25%
of a corresponding MODIS pixel can provide a compari-
son of the two diﬀerent approaches with exact spatial map-
ping. For the comparison of seasonal variability, we used
only the GDK tower ﬂux data because the reference studies
mostly provided only annual NPP estimates.2.6. Spatial representativeness of MODIS GPP
In general, the spatial representativeness of the ﬂux
tower (i.e., tower footprint) is smaller than a MODIS spa-
tial scale. The footprint mismatches of the MODIS pixel
with the tower observation can therefore lead to a bias of
the MODIS GPP over a heterogeneous vegetative surface
(Kim et al., 2006b). To check the bias due to the spatial
variability of vegetation, we analyzed the NDVI from the
high-resolution IKONOS satellite image as the ﬂux index,
which is a parameter to be proportional to surface ﬂuxes
(Kim et al., 2006b). Footprint climatology of the tower ﬂux
was estimated by an analytical footprint solution (Schmid,
1997) and was less than 1 km2. This footprint climatology
was then overlain on the NDVI retrieved from the 20-m
Table 1
References used here to obtain NPP observations data over Korea.
Species Site name Location Average ages Variable Data (gC/m2/yr) References
Coniferous forest Larix kaempferi Cheongju W. 23–29 NPP 710 Kim (2012)
L. leptolepis Gongju S.W. 37 NPP 1142 Kang et al. (2010)
L. leptolepis Woraksan S. 24 NPP 608.65 Kwon et al. (1998)
Pinus densiﬂora Baegunsan S. 25 NPP 633 Kim and Kim (1986)
P. densiﬂora Boryeong S.W. 37–42 NPP 1865 Seo et al. (2010)
P. densiﬂora Cheongyang S.W. 36–42 NPP 1003 Seo et al. (2010)
P. densiﬂora Gongju S.W. 37 NPP 979 Kang et al. (2009)
P. densiﬂora Hongcheon N.E. 36 NPP 794 Lee and Park (1986)
P. densiﬂora Cheongju W. 22–30 NPP 640 Kim (2012)
P. densiﬂora Yeosu S.W. 22–30 NPP 940 Kim (2012)
P. koraiensis Gangneung E. 27 NPP 1140 Lee et al. (2009)
P. koraiensis Gongju S.W. 40 NPP 879 Kang et al. (2010)
P. koraiensis Gongju S.W. 15 NPP 2570 Pyo et al. (2003)
P. koraiensis Jecheon E. 24 NPP 600 Kwon and Lee (2006)
P. rigida Baegunsan S. 22 NPP 541 Kim and Kim (1986)
P. rigida Sancheong S. 40 NPP 1040 Seo and Lee (2011)
P. rigida Cheongju W. 20–25 NPP 720 Kim (2012)
P. rigida Yeosu S.W. 20–25 NPP 860 Kim (2012)
Rigitaeda pine Baegunsan S. 22 NPP 523 Kim and Kim (1986)
Deciduous forest Quercus acutissima Gongju S.W. 42 NPP 552 Kang et al. (2009)
Q. acutissima Cheongju W. 21–32 NPP 1240 Kim (2012)
Q. acutissima Yeosu S.W. 21–32 NPP 960 Kim (2012)
Quercus mongolica Chungju S. 28–100 NPP 478 Song et al. (1997)
Q. mongolica Chungju S. 39 NPP 588 Park (1999)
Q. mongolica Gwangyang S. 42 NPP 579 Park (2003)
Q. mongolica Hongcheon N.E. 36 NPP 636 Lee and Park (1986)
Q. mongolica Pyeongchang E. 52 NPP 1031 Park (2003)
Q. mongolica Youngdong S. 36 NPP 1136 Park (2003)
Q. mongolica Cheongju W. 22–29 NPP 690 Kim (2012)
Quercus serrata Kwangyang S. 34 NPP 618 Park and Lee (2002)
Q. serrata Muju S. 25 NPP 652 Park and Lee (2002)
Q. serrata Pohang S.E. 37 NPP 766 Park and Lee (2002)
Quercus variabilis Chungju S. 28–100 NPP 428 Song et al. (1997)
Q. variabilis Chungju S. 40 NPP 512 Park (1999)
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ﬂux index with only the inﬂuence of the tower observation
(Fig. 4). The ﬂux index of terrestrial carbon exchange,
NDVI, weighted by the seasonal ﬂux tower footprint was
0.73, and was almost identical to those averaged over the
MODIS pixel used in this study (i.e., 0.71). Consequently,
the GDK tower could represent carbon ﬂuxes up to a
MODIS scale of 1  1 km2, indicating that our comparison
between ground-based measurements including data from
the ﬂux tower and MODIS GPP is practically feasible for
this mixed forest, which is dominated by deciduous trees.
3. Results
3.1. Comparison at the Gwangneung deciduous KoFlux tower
(GDK)
According to the national forest type map over the corre-
sponding MODIS pixels, the deciduous forest at the
Gwangneung site (GDK) occupies 75.9% of the MODIS
area. Minor vegetation types/species are coniferous forest
(8.4%), Pinus koraiensis (5.7%), Larix leptolepis (4.2%),
Pinus rigida (4.1%), and farmland (1.7%) (Fig. 5). Asexplained in the previous section, we adopted the average
value of previous measurements in Korea (Table 1) for the
vegetation without direct measurements. As a result, we esti-
mated the GPP for the area containing GDK over the cor-
responding MODIS pixels. The annual GPP from the
ground-based estimation mapped to the MODIS area from
2006 to 2010 is in the range of 1,280–1,402 g C m2 yr1,
and the annual MODIS GPP is from 1361 to 1808 g C m2
yr1, which shows a positive bias within +1.9% to +23.4%
(+26 to +423 g C m2 yr1) (Fig. 5).
The GPP estimation for the minor forests (24.1% of the
area) from the references is generally higher than the GDK
ﬂux tower measurements (deciduous forest, 75.9% of the
area), and the annual MODIS bias based on the same area
sampling as the ground measurements (+1.9% to 23.4%) is
slightly smaller than the bias against only the ﬂux tower
data (+15% to +34%, table in Fig. 5).
The estimation from ground-based annual GDK data at
the MODIS scale has a high level of uncertainty because
the estimations over the vegetation without direct measure-
ments have large standard deviations (Fig. 5). For example,
the NPP for P. koraiensis at Gongju by Pyo et al. (2003) is
more than fourfold larger than that at Jecheon by Kwon
Fig. 4. NDVI retrieved from a 20-m resolution summertime IKONOS image over 7  7 km around the GDK ﬂux tower. The internal box corresponds to
the MODIS pixel used in this study (1  1 km) and the red circle is the tower location. We compared the averaged NDVI and the weighted NDVI from the
GDK tower footprint over the MODIS pixel (internal box) to evaluate the representativeness of the mapping. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Comparison of the GPP of GDK estimated for the corresponding MODIS area (left orange bar) and the MODIS GPP (right brown bar) from
2006 to 2010. Error bars denote the range of uncertainties in the estimation. The vegetation map over the corresponding MODIS pixel (1  1 km2) (upper
right) and statistics for the estimation of ground-based GPP (lower table) are shown.
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ation of 1,753 g C m2 yr1 (68%). This may be due to the
diﬀerent methodology used (mostly the allometric growth
method) for NPP estimation. Thus, the high level of uncer-
tainty together with the lack of consistency in ground esti-
mates limits the implications of the subgrid scale inﬂuence
of heterogeneity in the GPP comparison. Further simulta-
neous and direct measurements in the minor forests, such
as those made for GDK, are necessary to reduce the uncer-
tainty from the heterogeneity during ground sampling for
the MODIS scale comparison.
3.2. Seasonal variability of MODIS GPP and GDK tower
data
The comparison of monthly variability between GDK
tower ﬂux measurements and MODIS GPP data from
2006 to 2010 is shown in Fig. 6. We could not show a
monthly comparison for the ground-based GPP estimation
corresponding to the exact MODIS pixel because the refer-
ence data for the minor forests were mostly from annual
NPP estimates (Table 1). The comparison was basically
focused on the growing season only, as GPP is mostly asso-
ciated with the photosynthesis of biomass, and the site
showed clear seasonal trends. The growing season at this
location was deﬁned here as the months that had a GPP
greater than 50 g C m2, which is signiﬁcantly greater than
the monthly mean GPP during winter (25–45 g C m2),
and primarily included the months from April to October
(Fig. 6) at GDK. The maximum GPP at GDK generally
occurred in June, but the solar radiation usually reached a
maximum inMay due to the clearer sky conditions. The dif-
ference was likely due to the relatively lower monthly tem-
perature (<18 C) and immature biomass in May (Fig. 6
and Kwon et al., 2010). Monthly air temperature, however,
with its maximum in August, could not explain the maxi-
mum monthly GPP (Fig. 6). The MODIS GPP also reached
a maximum in June or May rather than in July or August,
which implies that the GPP at GDK is inﬂuenced more
strongly by solar radiation than temperature.
The important feature of the seasonal pattern at GDK is
the sharp reduction of GPP during the monsoon season,
which accounts for more than 70% of the total annual pre-
cipitation in Korea. We here deﬁned the monsoon season
as the months during which precipitation was greater than
150 mm (generally from June to September). To identify
the eﬀective parameters causing this pattern, we compared
the monthly variation in GPP with solar radiation, air tem-
perature, and precipitation (Fig. 6). As shown in Fig. 6, the
parameter most strongly correlated with GPP during the
growing season was solar radiation (R = 0.66, p < 0.001),
which exhibited a sharp reduction during the monsoon per-
iod, while precipitation clearly showed an outstanding max-
imum and a signiﬁcant negative correlation with GPP
(R = 0.65, p = 0.0044). The correlation of GPP with pre-
cipitation was almost opposite during the non-monsoon
season (R = 0.62, p < 0.001). Thus, it can be said that a highlevel of cloud cover with less solar radiation and intense pre-
cipitation apparently caused the sharp reduction of GPP
during the summer monsoon, as has also been reported in
previous studies (Kwon et al., 2009, 2010; Hong and Kim,
2011; Zhao and Running, 2010). In particular, previous
studies demonstrated that the intensive rainfall during the
monsoon leads to biomass loss as a result of the accompany-
ing strong rainstorms and weakened soil (Hong and Kim,
2011). The biomass loss could explain the bimodal GPP dis-
tribution during the monsoon; the second GPP maximum
after maximum precipitation in July or August was not as
high as the primary maximum, although solar radiation
and temperature were higher than during the primary max-
imum (e.g., summer in 2006; Fig. 6). In cases when maxi-
mum precipitation occurred in August (2007 and 2010),
there was a unimodal GPP distribution, likely because both
the monthly solar radiation and temperature were generally
lower in September (620 C) (Fig. 6).
Monthly total precipitation is presumably another limit-
ing factor that may decrease GPP in this study. When
monthly total precipitation exceeds 200 mm, biomass
growth may be inhibited. For instance, solar radiation had
clearly recovered in August 2008, with a maximummonthly
temperature of 23.6 C, but the GPP remained near the min-
imum of the previous month (129.4 g C m2) (Fig. 6). In
September, however, the GPP recovered to 144.6 g C m2
despite lower solar radiation (441.0 MJ m2) and lower
monthly mean air temperature (20 C) than in August.
The only evident change was that the total monthly precip-
itation was reduced to 121.5 mm in September (Fig. 6).
Thus, this may imply that monthly rainfall greater than
200 mm at GDK during the monsoon may disturb GPP,
which would be associated with other environmental/phe-
nological deterioration (e.g., soil and biomass) and lower
solar radiation. Additional studies are necessary to demon-
strate the role of environmental parameters in disturbing
carbon sink in forest. Monthly total precipitation of less
than 200 mm was apparently not a limiting factor for GPP
(R = 0.72, p < 0.001; growing season) at GDK, and GPP
was not reduced even by the unusual drought in June 2007
(Fig. 6). Air temperature can explain the general variation
in GPP (R = 0.62, p < 0.001; growing season), but it cannot
explain the GPP reduction that occurred during the mon-
soon season (R = 0.20, p = 0.24).
The overall correlation coeﬃcient between monthly
GDK and MODIS GPP for 5 years is fairly high at 0.96
(p < 0.001), and the overall MODIS bias is +26%
(+34 g C m2 month1). The MODIS GPP explained well
the monthly variability at the GDK site (R = 0.88,
p < 0.001) during the growing season, but it overestimated
the tower data by +30% (62 g C m2), likely due to the
inaccuracy of MODIS meteorological variables such as
FPAR, VPD, and other vegetation-dependent variables
(e.g., maximum light use eﬃciency (LUE)) associated with
land classiﬁcation errors.
To investigate the inﬂuence of meteorological data, we
compared solar radiation and temperature between the
Fig. 6. Comparison of the monthly variability of GPP at the GDK ﬂux tower (the black circles at (a)) from 2006 to 2010 with the MODIS GPP (solid line
at (a)), solar radiation (b), air temperature (c), precipitation (d), and EVI (e). The uncertainty of monthly GPP at the GDK ﬂux tower is indicated by the
bright gray band around the GDK data at (a). The correlation coeﬃcient in each panel was estimated only for the growing season when the monthly GPP
at GDK was greater than 50 g C m2 (mostly April–October). For precipitation, the R (monsoon) indicates the correlation coeﬃcient only for the summer
monsoon when the monthly precipitation was greater than 150 mm. The Asian monsoon periods are indicated by the shaded gray areas.
2304 C. Shim et al. / Advances in Space Research 54 (2014) 2296–2308GDK data and the corresponding NCEP2/DOE data.
While the temperature of NCEP2/DOE was slightly lower
than that of GDK, the solar radiation of NCEP2/DOE was
signiﬁcantly higher than that of GDK (by 32%) during
the growing season (not shown), which is an important fac-
tor contributing to the MODIS overestimation at GDK.
Another study by Kang et al. (2005) estimated the errors
in MODIS GPP over the Korean peninsula (2001–2003)
originating from the Data Assimilation Oﬃce (DAO) mete-
orological ﬁeld and the overestimation of MODIS GPP (by
25%) was more sensitive to the errors in solar radiation
and VPD than temperature.Additionally, the higher degree of cloud cover during
the monsoon season may have caused the diﬀerences
(Kang, 2005). Despite the bias, the monthly MODIS
GPP over GDK explained the site’s seasonal pattern and
partly represented the sharp GPP reduction that occurs
during intensive precipitation (Fig. 6).
To investigate the potential eﬀect of the meteorological
parameters of the MODIS, we examined the relationship
between the GDK data and MODIS EVI as a surrogate
measure of GPP. The MODIS EVI explained the seasonal
pattern of GPP well during the growing season (R = 0.9,
p < 0.001, Fig. 6). Some previous studies have also shown
C. Shim et al. / Advances in Space Research 54 (2014) 2296–2308 2305a strong correspondence between tower-derived ﬂux mea-
surements of GPP and MODIS EVI (Rahman et al.,
2005; Sims et al., 2006; Huete et al., 2006). The correlation
between EVI and GPP at GDK was slightly higher than
that with MODIS GPP for the growing season (0.88,
MODIS; 0.90, EVI) and for the monsoon season (0.53,
p = 0.041, MODIS; 0.63, p = 0.012 EVI). Although the
EVI had a signiﬁcant correlation with GPP, MODIS EVI
could not capture the sharp GPP reduction during heavy
precipitation in July 2006 (Fig. 6). Thus, neither satellite-
based MODIS GPP nor EVI could explain all of the ﬁne
temporal structure of GPP disturbance during each
monsoon season, which suggests that the current uncer-
tainties in input data (e.g., the meteorological ﬁeld) and
other limitations in the physical algorithm may cause these
discrepancies.
4. Discussion and conclusions
Evaluation of satellite-driven carbon productivity is
important for quantifying the role of vegetation in the glo-
bal or regional carbon cycle. Although the simulated satel-
lite observation of global vegetation productivity (e.g.,
GPP) from the MODIS instrument onboard the Terra
satellite has continuous global coverage to monitor various
vegetation activities, MODIS GPP has limitations in terms
of its spatial resolution and the retrieval algorithms used to
estimate the carbon productivity of highly heterogeneous
forests over complex terrain. Here, we investigated the per-
formance of MODIS GPP over heterogeneous and moun-
tainous ecosystems in Korea. The GPP at Gwangneung
deciduous forest KoFlux tower (GDK), measured using
the eddy covariance method for 2006–2010, was used to
evaluate the MODIS GPP retrievals. By examining the
spatial representativeness of MODIS data for the GDK
footprint using high-resolution IKONOS NDVI data, we
identiﬁed the vegetation types with the national forest type
map and estimated ground-based GPP within the corre-
sponding MODIS area (1  1 km2) by integrating the
GDK measurements and reference data. Thus, we were
able to compare the ground-based annual GPP observation
with the corresponding MODIS GPP, with spatial
consistency.
The annual MODIS GPP over GDK (1361–
1808 g C m2 y1) overestimated the ground-based GPP
(1280–1402 g C m2 y1) by +1.9%  +23.4%, which
shows that the MODIS bias against the ground estimation,
with mapping for the same area, including the contribution
of minor forests, was slightly smaller than that the MODIS
bias against only the GDK measurements (+15% to
+34%). However, the area integration used here for
estimating ground-based GPP has a large degree of uncer-
tainty, due mainly to the reference data, which was mea-
sured over a wide range of times and locations (Table 1).
Because the same climate zone exists over most of South
Korea, the large variance in the NPP estimates should be
reduced to provide reliable constraints in the future. Inaddition, our analysis found that the MODIS overestima-
tion at GDK was likely due to the overestimation of solar
radiation of NCEP2/DOE, rather than temperature.
We further investigated the monthly variability in
MODIS GPP in comparison to that of the GDK ﬂux tower
over 5 years (2006–2010). During the growing season
(mostly April–October), solar radiation was the parameter
most strongly correlated with monthly GPP measurements.
In particular, the sharp reduction in monthly GPP during
the Asian monsoon season (June–September) indicates that
intensive precipitation in July/August under cloudy condi-
tions causes a substantial reduction in GPP during the
warmest season, and heavy rainfall may create adverse con-
ditions for GPP, in addition to biomass loss. As a result,
the maximum GPP was usually recorded at the GDK site
just before the intensive rain began in summer. This pattern
was generally reproduced in MODIS GPP, representing the
MODIS retrieval algorithm depending on the radiation
factor (i.e., PAR).
Basically, there are three essential MOD17 inputs: daily
meteorological reanalysis data from the NCEP/DOE
reanalysis II meteorological data, vegetation type informa-
tion derived from MODIS land cover products
(MOD12Q1), and 8-day fraction of photosynthetically
active radiation (FPAR) and leaf area index (LAI) from
MOD15A2 (Zhao et al., 2011). Quaife et al. (2008) esti-
mated that the error in GPP introduced from satellite-
derived land cover is as great as 254 g C m2 y1 (up to
16%) over Great Britain. Other studies have indicated
that several MODIS GPP uncertainties originate from
water stress (Leuning et al., 2005), diﬀusion radiation
(Jenkins et al., 2007), MODIS FPAR (Turner et al.,
2006), and the maximum light-use eﬃciency (Yang et al.,
2007). The MODIS discrepancy during the Asian monsoon
season may also reﬂect limitations of the MODIS retrieval
frequency under very cloudy conditions.
More fundamentally, the current MODIS retrieval is
relatively simple for regional study and cannot reﬂect com-
plex environmental characteristics and their spatiotempo-
ral variabilities at a subgrid scale (Kang et al., 2005). For
example, the impacts of the speciﬁc conditions downwind
of the mountain slope and the spatiotemporal variability
of soil water contents within the watershed system around
GDK are beyond the current capability of MODIS
(Hwang et al., 2008). In addition, the disturbance of carbon
productivity in complex ecosystems due to environmental
stress (e.g., heavy monsoons and severe droughts) and their
inﬂuence on the errors of satellite products needs to be
examined.
To apply satellite-based products to a complex ecosys-
tem on a local scale, more realistic retrieval algorithms
for MOD17 with better-quality meteorological data and
land-use information on a ﬁner spatial scale is required.
More reliable measurements representing a speciﬁc ecosys-
tem (e.g., GDK in Korea) would also facilitate evaluation
of the satellite-based products. In particular, the errors of
remotely sensed data associated with the aerodynamic
2306 C. Shim et al. / Advances in Space Research 54 (2014) 2296–2308and topographical characteristics of complex topography
at a subgrid scale need to be investigated in future studies.
Acknowledgements
This subject was jointly supported by the Korea
Meteorological Administration Research and Develop-
ment Program under Grant CATER (No. 2012-3031 and
2012-3033) and National Research Foundation of Korea
(No. 20110009940 and NRF-2013S1A5B6043772). The
data at GDK site were provided by KoFlux from the pro-
jects funded by Ministry of Land, Infrastructure and
Transport, Ministry of Environment, and National
Research Foundation of Korea. This study was partly sup-
ported by Long-term Ecological Study and Monitoring of
Forest Ecosystem Project of Korea Forest Research
Institute. We also thank Korea Environment Institute
(KEI) for the institutional support for the research.
References
Canadell, J.G., Le Quere, C., Raupach, M.R., Field, C.B., Buitenhuis,
E.T., Ciais, P., Conway, T.J., Gillett, N.P., Houghton, R.A., Marland,
G., 2007. Contributions to accelerating atmospheric CO2 growth from
economic activity, carbon intensity, and eﬃciency of natural sinks.
Proc. Natl. Acad. Sci. USA 104, 18866–18870.
Chapin, F.S., Mooney, H.A., Chapin, M.C., Matson, P., 2004. Principles
of Terrestrial Ecosystem Ecology. Springer.
Field, C.B., Randerson, J.T., Malmstrom, C.M., 1995. Global net primary
production: combining ecology and remote sensing. Remote Sens.
Environ. 51, 74–88.
Friedl, M.A., McIver, D.K., Hodges, J.C.F., Zhang, X.Y., Muchoney, D.,
Strahler, A.H., Woodcock, C.E., Gopal, S., Schneider, A., Cooper, A.,
Baccini, A., Gao, F., Schaaf, C., 2002. Global land cover mapping
from MODIS: algorithms and early results. Remote Sens. Environ. 83,
287–302.
Giri, C., Zhu, Z., Reed, B., 2005. A comparative analysis of the global
land cover 2000 and MODIS land cover data sets. Remote Sens.
Environ. 94, 123–132.
Guindin-Garcia, N., Gitelson, A.A., Arkebauer, T.J., Shanahan, J.,
Weiss, A., 2012. An evaluation of MODIS 8- and 16-day composite
products for monitoring maize green leaf area index. Agric. For.
Meteorol. 161, 15–25.
Hansen, M.C., Reed, B., 2000. A comparison of the IGBP DISCover and
University of Maryland 1 km global land cover products. Int. J.
Remote Sens. 21, 1365–1373.
Hashimoto, H., Wang, W., Milesi, C., White, M.A., Ganguly, S., Gamo,
M., Hirata, R., Myneni, R.B., Nemani, R.R., 2012. Exploring simple
algorithms for estimating gross primary production in forested areas
from satellite data. Remote Sens. 4, 303–326.
Heinsch, F.A., Reeves, M., Votava, P., Kang, S., Milesi, C., Zhao, M.,
Glassy, J., Jolly, W.M., Kimball, J.S., Nemannpi, R.R., Running,
S.W., 2003. User’s Guide GPP and NPP (MOD17A2/A3) Products
NASA MODIS Land Algorithm. MOD17 User’s Guide, 1–57.
Heinsch, F.A., Zhao, M., Running, S.W., Kimball, J.S., Nemani, R.R.,
Davis, K.J., Flanagan, L.B., 2006. Evaluation of remote sensing based
terrestrial productivity from MODIS using regional tower eddy ﬂux
network observations. IEEE Trans. Geosci. Remote Sens. 44, 1908–
1925.
Hong, J., Kim, J., 2011. Impact of the Asian monsoon climate on
ecosystem carbon and water exchanges: a wavelet analysis and its
ecosystem modeling implications. Glob. Change Biol. 17, 1900–1916.
Hong, J., Kim, J., Lee, D., Lim, J.H., 2008. Estimation of the storage and
advection eﬀects on H2O and CO2 exchanges in a hilly KoFlux forestcatchment. Water Resour. Res. 44 (1–10), W01426. http://dx.doi.org/
10.1029/2007WR006408.
Huete, A., Didan, K., Miura, T., Rodriguez, E.P., Gao, X., Ferreira, L.G.,
2002. Overview of the radiometric and biophysical performance of the
MODIS vegetation indices. Remote Sens. Environ. 83, 195–213.
Huete A.R., Miura, T., Kim, Y., Didan, K., Privette, J., 2006. Assess-
ments of multisensory vegetation index dependencies with hyperspec-
tral and tower ﬂux data. In: SPIE 6298-45, Proceedings on Remote
Sensing and Modeling of Ecosystems for Sustainability III.
Hwang, T., Kang, S., Kim, J., Kim, Y., Lee, D., Band, L., 2008.
Evaluating drought eﬀect on MODIS gross primary production (GPP)
with an eco-hydrological model in the mountainous forest, East Asia.
Global Change Biol. 14, 1–20.
IPCC, 2001. In: Houghton, J.T., Ding, Y., Griggs, D.J., Noguer, M., van
der Linden, P.J., Dai, X., Maskell, K., Johnson, C.A. (Eds.), Climate
Change 2001: The Scientiﬁc Basis. Contribution of Working Group 1
to the Third Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, UK, and
New York, USA.
Jenkins, J.P., Richardson, A.D., Braswell, B.H., Ollinger, S.V., Hollinger,
D.Y., Smith, M.L., 2007. Reﬁning light-use eﬃciency calculations for a
deciduous forest canopy using simultaneous tower-based carbon ﬂux
and radiometric measurements. Agric. For. Meteorol. 143, 64–79.
Justice, C.O., Vermote, E., Townshend, J.R.G., Defries, R., Roy, D.P.,
Hall, D.K., Salomonson, V.V., Privette, J.L., Riggs, G., Strahler, A.,
Lucht, W., Myneni, R.B., Knyazikhin, Y., Running, S.W., Nemani,
R.R., Wan, Z., Huete, A.R., van Leeuwen, W., Wolfe, R.E., Giglio, L.,
Muller, J., Lewis, P., Barnsley, M.J., 1998. The moderate resolution
imaging spectroradiometer (MODIS): land remote sensing for global
change research. IEEE Trans. Geosci. Remote Sens. 36, 1228–1249.
Justice, C.O., Townshend, J.R.G., Vermote, E.F., Masuoka, E., Wolfe,
R.E., Saleous, N., Roy, D.P., Morisette, J.T., 2002. An overview of
MODIS land data processing and product status. Remote Sens.
Environ. 83, 3–15. http://dx.doi.org/10.1016/S0034-4257(02)00084-6.
Kang, S.K., Kim, Y.I., Kim, Y.J., 2005. Errors of MODIS product of
gross primary productivity by using data assimilation oﬃce meteoro-
logical data. Korean J. Agric. For. Meteorol. 7, 171–183.
Kang, K.N., Park, G.S., Lee, S.J., Lee, H.G., Kim, Y.T., 2009. Carbon
storages of Pinus densiﬂora and Quercus acutissima stands in Gongju,
Chungnam Province. Korean Soc. Environ. Technol. 12, 143–152.
Kang, K.N., Park, G.S., Lee, S.J., Lee, H.G., Kim, J.S., Kim, Y.T., 2010.
Carbon storages in aboveground and root of Pinus koraiensis and
Larix leptolepis stands in Gongju, Chungnam province. J. Agric. Sci.
37, 45–52.
Kang, S.K., 2005. Analysis on cloud-originated errors of MODIS leaf area
index and primary production images: eﬀect of monsoon climate in
Korea. Korean J. Ecol. 28, 215–222.
KFRI, 2011. The 5th forest type mapping based on the digital air photo.
Korea Forest Research Institute.
Kim, T.W., Kim, K.D., 1986. A study on total biomass and annual
biomass yield of vegetation in Mt. Baekun area. J. Korea For. Energy
6, 59–74.
Kim, J., Lee, D., Hong, J., Kang, S., Kim, S.J., Moon, S.K., Lim, J.H.,
Son, Y., Lee, J., Kim, S., Woo, N., Kim, K., Lee, B., Lee, B.L., Kim,
S., 2006a. HydroKorea and CarboKorea: cross-scale studies of
ecohydrology and biogeochemistry in a heterogeneous and complex
forest catchment of Korea. Ecol. Res. 21, 881–889.
Kim, J.Q., Guo, D.D., Baldocchi, M.Y., Leclerc, Xu L., Schmid, H.P.,
2006b. Upscaling ﬂuxes from tower to landscape: overlaying ﬂux
footprints on high-resolution (IKONOS) images of vegetation cover.
Agric. For. Meteorol. 136, 132–146.
Kim, Y., Miura, T., Jiang, Z., Huete, A.R., 2010. Spectral compatibility of
vegetation indices across sensors: band decomposition analysis with
Hyperion data. J. Appl. Remote Sens. 4. http://dx.doi.org/10.1117/
1.3400635, 043520-043520.
Kim, G.S., 2012, Analysis of Characteristic and Estimation of Carbon
Budget based on Major Vegetation Types in Korea [Ph.D. Thesis]. The
Graduate School of Seoul Women’s University, Republic of Korea.
C. Shim et al. / Advances in Space Research 54 (2014) 2296–2308 2307Kobayashi, H., Dye, D.G., 2005. Atmospheric conditions for monitoring
the long-term vegetation dynamics in the Amazon using normalized
diﬀerence vegetation index. Remote Sens. Environ. 97, 519–525.
Kwon, G.C., Lee, D.G., 2006. Biomass and energy content of Pinus
koraiensis stand planted in Mt. Wolak. J. Korean Wood Sci. Technol.
34, 66–75.
Kwon, K.C., Kim, H.E., Lee, J.H., 1998. Productive structure and net
production of aLarix leptolepis plantation. J. Korea For. Energy 17, 1–7.
Kwon, H., Park, T.Y., Hong, J., Lim, J.H., Kim, J., 2009. Seasonality of
net ecosystem carbon exchange in two major plant functional types in
Korea. Asia-Pac. J. Atmos. Sci. 45, 149–163.
Kwon, H., Kim, J., Hong, J., 2010. Inﬂuence of the Asian Monsoon on
net ecosystem carbon exchange in two major plant functional types in
Korea. Biogeosciences 7, 1493–1504.
Law, B.E., 2006. Carbon dynamics in response to climate and disturbance:
recent progress from multiscale measurements and modeling in
AmeriFlux. In: Omasa, K., Nouchi, I., De Kok, L.J. (Eds.), Plant
Responses to Air Pollution and Global Change. Springer, Tokyo,
Japan, pp. 205–213.
Lee, S.W., Park, K.H., 1986. Biomass and organic energy production in
pine and oak natural forest ecosystem in Korea. J. Korea For. Energy
6, 46–58.
Lee, Y.J., Seo, Y.O., Park, S.M., Pyo, J.K., Kim, R.H., Son, Y.M., Lee,
K.H., Kim, H.H., 2009. Estimation of biomass for 27 years old
Korean pine (Pinus koraiensis) plantation in Gangneung. Gangwon-
Province. J. Agric. Life Sci. 43, 1–8.
Leuning, R., Cleugh, H.A., Zegelin, S.J., Hughes, D., 2005. Carbon and
water ﬂues over a temperate Eucalyptus forest and a tropical wet/dry
savanna in Australia: measurements and comparison with MODIS
remote sensing estimates. Agric. For. Meteorol. 129, 151–173.
McCallum, I., Obersteiner, M., Nilsson, S., Shvidenko, A., 2006. A spatial
comparison of four satellite derived 1km global land cover datasets.
Int. J. Appl. Earth Obs. Geoinf. 8, 246–255.
Monteith, J.L., Moss, C.J., 1977. Climate and the eﬃciency of crop
production in Britain [and discussion]. Philos. Trans. R. Soc. London
B Biol. Sci. 281, 277–294.
Monteith, J.L., 1972. Solar radiation and productivity in tropical
ecosystems. J. Appl. Ecol. 9, 747–766.
Nemani, R.R., Keeling, C.D., Hashimoto, H., Jolly, W.M., Piper, S.C.,
Tucker, C.J., Myneni, R.B., Running, S.W., 2003. Climate-driven
increases in global terrestrial net primary production from 1982 to
1999. Science 300, 1560–1562.
Park, G.S., Lee, S.W., 2002. Biomass and net primary production of
Quercus serrata natural stands in Kwangyang, Muju, and Pohang
areas. J. Korean For. Soc. 91, 714–721.
Park, G.S., 1999. Aboveground and soil carbon storages in Quercus
mongolica and Quercus variabilis natural forest ecosystems in Chungju.
J. Korean For. Soc. 88, 93–100.
Park, G.S., 2003. Biomass and net primary production of Quercus
mongolica stands in Kwangyang, Pyungchang, and Youngdong areas.
J. Korean For. Soc. 92, 564–574.
Prince, S.D., Goward, S.N., 1995. Global primary production: a remote
sensing approach, Goward laboratory for global remote sensing
studies. J. Biogeogr. 22, 815–835.
Pyo, J.H., Kim, S.U., Mun, H.T., 2003. A study on the carbon budget in
Pinus koreansis plantation. Korean J. Ecol. 26, 129–134.
Quaife, T., Quegan, S., Disney, M., Lewis, P., Lomas, M., Woodward,
F.I., 2008. Impact of land cover uncertainties on estimates of
biospheric carbon ﬂuxes. Global Biogeochem. Cycles 22, GB4016.
http://dx.doi.org/10.1029/2007GB003097.
Rahman, A.F., Sims, D.A., Cordova, V.D., El-Masri, B.Z., 2005.
Potential of MODIS EVI and surface temperature for directly
estimating per-pixel ecosystem C ﬂuxes. Geophys. Res. Lett. 32,
L19404. http://dx.doi.org/10.1029/2005GL024127.
Running, S.W., Thornton, P.E., Nemani, R., Glassy, J.M., 2000. Global
terrestrial gross and net primary productivity from the Earth Observ-
ing System. In: Methods in Ecosystem Science. Springer, New York,
pp. 44–57.Schmid, H.P., 1997. Experimental design for ﬂux measurements: matching
scales of observations and ﬂuxes. Agric. For. Meteorol. 87, 179–200.
See, L., Fritz, S., 2006. Towards a global hybrid land cover map for the
year 2000. IEEE Trans. Geosci. Remote Sens. 44, 1740–1746.
Seo, Y.O., Lee, Y.J., 2011. Estimation of aboveground biomass and net
primary production for Pinus rigida in Sancheong, Gyeongnam
province. J. Agric. Life Sci. 45, 15–20.
Seo, Y.O., Lee, Y.J., Pyo, J.K., Kim, R.H., Son, Y.M., Lee, K.H., 2010.
Above-and belowground biomass and net primary production for
Pinus densiﬂora stands of Cheongyang and Boryeong regions in
Chungnam. J. Korean For. Soc. 99, 914–921.
Sims, D.A., Rahman, A.F., Cordova, V.D., El-Masri, B.Z., Baldocchi,
D.D., Flanagan, L.B., Goldstein, A.H., Hollinger, D.Y., Mission, L.,
Monson, R.K., Oechel, W.C., Schmid, H.P., Wofsy, S.C., Xu, L.,
2006. On the use of MODIS EVI to assess gross primary productivity
of North American ecosystems. J. Geophys. Res. 111, G04015. http://
dx.doi.org/10.1029/2006JG000162.
Sims, D.A., Rahman, A.F., Cordova, V.D., El-Masri, B.Z., Baldocchi,
D.D., Bolstad, P.V., Flanagan, L.B., Goldstein, A.H., Hollinger, D.Y.,
Mission, L., Monson, R.K., Oechel, W.C., Schmid, H.P., Wofsy, S.C.,
Xu, L., 2008. A new model of gross primary productivity for North
American ecosystems based solely on the enhanced vegetation index
and land surface temperature from MODIS. Remote Sens. Environ.
112, 1633–1646.
Solano, R., Didan, K., Jacobson, A., Huete, A., 2010. MODIS Vegetation
Indices (MOD13) C5 User’s Guide. The University of Arizona,
Tucson.
Song, C.Y., Chang, K.S., Park, K.S., Lee, S.W., 1997. Analysis of carbon
ﬁxation in natural forests of Quercus mongolica and Quercus variabilis.
J. Korean For. Soc. 86, 35–45.
Thornton, P.E., Law, B.E., Gholz, H.L., Clark, K.L., Falge, E.,
Ellsworth, D.S., Goldstein, A.H., Monson, R.K., Hollinger, D., Falk,
M., Chen, J., Sparks, P., 2002. Modeling and measuring the eﬀects of
disturbance history and climate on carbon and water budgets in
evergreen needle leaf forests. Agric. For. Meteorol. 113, 185–222.
Turner, D.P., Ritts, W.D., Cohen, W.B., Gower, S.T., Zhao, M.S.,
Running, S.W., Wofsy, S.C., Urbanski, S., Dunn, A.L., Munger, J.W.,
2003. Scaling gross primary production (GPP) over boreal and
deciduous forest landscapes in support of MODIS GPP product
validation. Remote Sens. Environ. 88, 256–270.
Turner, D.P., Ritts, W.D., Cohen, W.B., Gower, S.T., Running, S.W.,
Zhao, M.S., Costa, M.H., Kirschbaum, A.A., Ham, J.M., Saleska,
S.R., Ahl, D.E., 2006. Evaluation of MODIS NPP and GPP products
across multiple biomes. Remote Sens. Environ. 102, 282–292.
van Gorsel, E., Delpierre, N., Leuning, R., Black, A., Munger, J.W.,
Wofsy, S., Aubinet, M., Feigenwinter, C., Beringer, J., Bonal, D.,
Chen, B., Chen, J., Clement, R., Davis, K.J., Desai, A.R., Dragoni, D.,
Etzold, S., Gru¨nwald, T., Gu, L., Heinesch, B., Hutyra, L.R., Jans,
W.W.P., Kutsch, W., Law, B.E., Monique Leclerc, Y., Mammarella,
I., Montagnani, L., Noormets, A., Rebmann, C., Wharton, S., 2009.
Estimating nocturnal ecosystem respiration from the vertical turbulent
ﬂux and change in storage of CO2. Agric. For. Meteorol. 149 (11),
1919–1930.
Vina, A., Henebry, G.M., Gitelson, A.A., 2004. Satellite monitoring of
vegetation dynamics: sensitivity enhancement by the wide dynamic
range vegetation index. Geophys. Res. Lett. 31, L04503. http://
dx.doi.org/10.1029/2003GL019034.
Waring, R.H., Landsberg, J.J., Williams, M., 1998. Net primary produc-
tion of forests: a constant fraction of gross primary production? Tree
Physiol. 18, 129–134.
Xiao, X., Hagen, S., Zhang, Q., Keller, M., Moore III, B., 2006. Detecting
leaf phenology of seasonally moist tropical forests in South America
with multi-temporal MODIS images. Remote Sens. Environ. 103, 465–
473.
Xiao, J., Zhuang, Q., Law, B.E., Chen, J., Baldocchi, D.D., Cook, D.R.,
Oren, R., Richardson, A.D., Wharton, S., Ma, S., Martin, T.A.,
Verma, S.B., Suyker, A.E., Scott, R.L., Monson, R.K., Litvak, M.,
Hollinger, D.Y., Davis, K.J., Bolstad, P.V., Burns, S.P., Curtis, P.S.,
2308 C. Shim et al. / Advances in Space Research 54 (2014) 2296–2308Drake, Falk, M., Fischer, M.L., Foster, D.R., Gu, L., Hadley, J.L.,
Katul, G.G., Matamala, R., Meyers, T.P., Munger, J.W., Oechel,
W.C., Paw U, K.T., Schmid, H.P., Starr, G., Torn, M.S., Wofsy, S.C.,
. A continuous measure of gross primary production for the
conterminous United States derived from MODIS and AmeriFlux
data. Remote Sens. Environ. 114, 576–591.
Yang, F., Ichii, K., White, M.A., Hashimoto, H., Michaelis, A.R.,
Votava, P., Zhu, A., Huete, A., Running, S.W., Nemani, R.R., 2007.
Developing a continental-scale measure of gross primary productionby combining MODIS and AmeriFlux data through support vector
machine approach. Remote Sens. Environ. 110, 109–122.
Zhao, M., Running, S.W., 2010. Drought-induced reduction in global
terrestrial net primary production from 2000 through 2009. Science
329, 940–943.
Zhao, M., Running, S.W., Heinsch, F.A., Nemani, R.R., 2011. MODIS-
derived terrestrial primary production. In: Land Remote Sensing and
Global Environmental Change. Springer, New York, pp. 635–660.
http://dx.doi.org/10.1007/978-1-4419-6749-7_28.
